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Abstract 
The motion of matter on air-liquid interface is of great importance in biology, physics, chemistry and 
engineering. Here we study non-magnetic and magnetic spheroid particles floating on the surface 
of a paramagnetic liquid and actuated by a contact-free magnet. The approaching magnet deforms 
the paramagnetic liquid interface and results in a rich dynamical behavior of the particle. Depending 
on geometry and on material parameters, the particle may be trapped at the center of the 
deformation profile, being pushed away from the magnet, or be trapped at an off-center position. 
The underlying physical mechanism is theorized as an interplay of the curvature of the interface 
deformation created by the non-uniform magnetic field from the magnet, the gravitational potential 
and the magnetic energy from the particle and the liquid. For highly concentrated paramagnetic 
liquids the magnetic buoyancy has a dominant role in the total energy of a floating particle on an 
air-paramagnetic liquid interface. Additionally, the discovered phenomenon has been 
demonstrated in directed self-assembly and robotic particle guiding. 
Significance Statement 
Understanding the motion of particles on an air-liquid interface can impact a wide range of scientific 
fields and applications. Controlling the motion of particles using magnetic fields has also attracted 
great attention recently. However, the current understanding of the motion of non-magnetic 
particles on air-paramagnetic liquid interface subjected to a magnetic field is insufficient, 
consequently hindering its potential application. Here we report the trapping behavior and 
underlying mechanism of non-magnetic and magnetic light-weighted particles on the air-
paramagnetic liquid interface when the interface is deformed by a non-uniform magnetic field. 
Additionally, we show the first demonstrations of the new motion phenomena in directed self-
assembly and robotic particle guiding. 
Main Text 
Introduction 
The motion of organisms on an air-liquid interface is a fundamental phenomenon in nature (1), has 
been profoundly studied (2), and extended to manipulate artificial objects (3). The motion of small 
objects at air-liquid interfaces can be induced by surface tension gradients (4, 5), magnetic fields 
(6–9), or perturbed interfaces from mechanical (10, 11) or field stimuli (12–16). Early work has 
shown that non-magnetic spherical particles on the air-paramagnetic liquid interface can be pushed 
away from a magnet (17, 18), attributed to negative magnetophoresis (19). Recently, pushing non-
magnetic liquid droplets and liquid marbles away from the magnet on an air-paramagnetic liquid 
interface has been also demonstrated (20). The motion of the droplets and the liquid marbles was 
attributed to the surface deformation of the paramagnetic liquid caused by the magnet, a 
phenomenon known as the inverse Moses effect (21). These previous works have shown only 
pushing motion of the objects floating on the air-paramagnetic liquid interface. However, such a 
prevalent notion is not complete.  
In this paper, we show that non-magnetic spheroid particles on an air-paramagnetic liquid interface 
besides being pushed can also be pulled towards the magnet and eventually trapped at a finite 
distance from the centerline of the magnet. We argue that the motion mechanism is novel, and it 
represents an interplay of the curvature of the meniscus created by the magnet, the gravitational, 
and the magnetic potential of the particle and the liquid. We demonstrate for the first time that for 
highly concentrated paramagnetic liquids the magnetic buoyancy has a dominant role in the total 
energy. Additionally, when the non-magnetic spheroid particles are substituted with magnetic 
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particles, the trapping point shifts to the peak of interface deformation induced by the magnet on 
the surface of the paramagnetic liquid. 
We use cylindrical rare earth permanent magnet (25 mm × ϕ5 mm) to induce deformation on the 
air-paramagnetic liquid interface without contacting the paramagnetic liquid. Particles floating on 
the interface then move towards the locations with minimum energy, which can be away from, at 
the base or at the peak of the deformed interface depending on the effective mass and the magnetic 
susceptibility of the particle. We have derived a model formulating the interface deformation of a 
paramagnetic liquid under nonlinear magnetic field, and quantitatively analyzed the motion of the 
particles induced by the deformed interface theoretically and experimentally. Additionally, we have 
applied the newly discovered pulling and trapping motion phenomenon of floating non-magnetic 
EPS particles in directed self-assembly and robotic particle guiding on the surface of a magnetic 
medium. 
Results and Discussion 
Experimental observation of displacement modes on particles on air-paramagnetic liquid interface. 
In our studies, two types of paramagnetic liquids were used: holmium-based and manganese 
dichloride-based aqueous solution (see Table S1). Additionally, four types of spheroid particles 
were used: polystyrene (PS) and polyethylene (PE) particles as a type of higher-density particles  
with negligible magnetic susceptibility, expanded polystyrene (EPS) particles as a type of lower-
density particles with negligible magnetic susceptibility; and hollow ceramic (HC) particles as a type 
of lower-density particles and magnetic susceptibility higher than the paramagnetic liquids (see 
Table S2).  
Figure 1 shows the different motion modes of the particles residing on the deformed air-
paramagnetic liquid interface. PS and PE particles are repelled, i.e. pushed away from the magnet 
(Figure 1a-c) on both paramagnetic liquids (Video S1). This repelling motion is in agreement with 
the earlier observations (17, 18). However, the EPS particles are pulled or pushed by the magnet 
depending on their initial locations, and finally trapped at the base of the deformed interface, Figure 
1d-f. One should note that this is an axisymmetric case and therefore the off-center trapping 
location has a ring-shape potential well where these particles move towards. This motion has also 
been observed for both paramagnetic liquids (Video S2). For a HC particle, which is a magnetic 
particle, the motion is only towards the magnet with trapping location at the peak of the interface 
deformation (Figure 1g-i and Video S3). This motion was observed for both paramagnetic liquids 
as well. The experimental setup for conducting the experiments is illustrated in Figure S1a and 
detailed in the Materials and Methods section. 
Effects from the air-paramagnetic liquid interface deformation 
The relation between the vertical position of the magnet in respect to the height of the interface 
deformation and the trapping location of an EPS particle has been studied using a system illustrated 
in Figure 2a. The important parameters are the magnetic position ℎ𝑀, the maximum interface 
deformation ℎ𝐿, and the trapping location of an EPS particle, i.e. 𝛿𝐸𝑃𝑆. Video S4 shows the 
experimental data. The experimental results for both paramagnetic liquids are shown in Figure 2b 
and c.  
Both plots indicate negative correlations of the magnet position ℎ𝑀 in respect to the maximum 
interface deformation ℎ𝐿, showing the closer the magnet to the paramagnetic liquid is, the greater 
the interface deformation becomes. The trapping location of an EPS particle 𝛿𝐸𝑃𝑆 is positively 
correlated with the magnet-to-paramagnetic liquid distance ℎ𝑀, i.e. a smaller the magnet to the 
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paramagnetic liquid ℎ𝑀 leads to a closer trapping location to the centerline of the magnet 𝛿𝐸𝑃𝑆, and 
vice versa.  
Theoretical model 
The behavior of a particle on the air-liquid interface is a process of minimizing the total energy 
𝐸𝑇𝑂𝑇𝐴𝐿 of the system, meaning the particle will always tend to go towards regions with minimum 
energy. The particle interacts with both, the deformation profile of the liquid interface, and with the 
magnetic field. Here we briefly discuss the contributions to the total energy  
where 𝐸0 = 𝛾𝜋𝑟0
2(1 − |cos 𝜃|) is a constant representing the adsorption energy at a flat horizontal 
interface, with surface tension of the paramagnetic liquid 𝛾 and a radius of the contact line 𝑟0 =
𝑎 sin 𝜃 for liquid-sphere contact angle 𝜃. With the effective mass 𝑚𝑒𝑓𝑓, the gravitational acceleration 
𝑔, and the profile of the interface deformation 𝑢(𝜌) as illustrated on Figure 2a, the potential energy 
reads as  
where 𝜌 denotes the radial distance from the centerline of the magnet. For a spherical particle of 
radius 𝑎 floating on an air-paramagnetic liquid interface, neglecting the density of air, the effective 
mass is defined as: 
 𝑚𝑒𝑓𝑓 = 𝜚𝑃𝑉𝑃 −  𝜚𝐿𝑉𝑖𝑚𝑚 (3)  
where 𝜚𝑃 and 𝑉𝑃 are the density and the volume of the particle, 𝜚𝐿 is the paramagnetic liquid density 
and the 𝑉𝑖𝑚𝑚 is the corresponding immersion volume: 
 𝑉𝑖𝑚𝑚 = (
𝜋
3
) 𝑎3(1 + 3𝑐𝑜 − 𝑐0
3) (4)  
with 𝑐0 = cos 𝜃 the degree of immersion (22–24) defined in terms of the cosine of the contact angle 
𝜃 between the particle and the liquid. The experimentally measured contact angles of each particle 
with each paramagnetic liquid are given in Table S3 and the measurement protocol is explained in 
Materials and Methods section. 
At a non-uniform interface the particle’s capillary energy changes due to the superposition of the 
deformation profile 𝑢(𝜌) and the meniscus induced by the particle’s effective weight 𝑔𝑚𝑒𝑓𝑓. With 
the capillary length 𝑙 = √𝛾 𝑔𝜚𝐿⁄  and the mean curvature of the deformed interface 𝐻 = ∇
2𝑢, the 
capillary energy is given by  
 𝐸𝐼 = 𝑚𝑒𝑓𝑓𝑔𝑙
2𝐻 (5)  
 𝐸𝑇𝑂𝑇𝐴𝐿 = 𝐸0 + 𝐸𝐺 + 𝐸𝐼 + 𝐸𝑀 , (1)  
 𝐸𝐺 = 𝑚𝑒𝑓𝑓𝑔𝑢(𝜌). (2)  
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The particle’s magnetic energy has two contributions, which account for its own magnetization in 
the field 𝐵 and for its magnetic buoyancy in the magnetic liquid. In the simplest case the 
susceptibilities are taken as constants, and we have  
 𝐸𝑀 = 𝐵
2
1
𝜇0
(𝜒𝐿𝑉𝑖𝑚𝑚  − 𝜒𝑃𝑉𝑃) (6)  
where 𝜇0 is the permeability of free space, and 𝜒𝐿 and 𝜒𝑃 are the magnetic susceptibilities of the 
paramagnetic liquid and the particle, respectively. The magnetic properties (𝑀𝑣𝐻 curves) from 
which the magnetic susceptibilities 𝜒𝐿and 𝜒𝑃 can be derived are given in Figure S2. Finally, the 
total energy is an interplay among the deformation profile 𝑢(𝜌) and its curvature contribution 𝐻(𝜌) 
on one hand and the magnetic energy on the other. Therefore, we have: 
The linearized curvature of the meniscus 𝐻(𝜌) is given by the first and second derivatives of the 
interface deformation, 𝐻(𝜌) = 𝑢′′(𝜌) + 𝑢′(𝜌) 𝜌⁄ . The axisymmetric representation of the shape of 
the meniscus 𝑢(𝜌) varies with the distance from the centerline, as shown in Figure 2a and it can 
be obtained by: 
where ?⃗? is the distance along the horizontal axis, ?⃗? is the sweeping vector, such that |?⃗? − ?⃗?| =
 √𝜌2+𝑞2 − 2𝜌𝑞 cos(𝜙), and 𝜙 the azimuthal angle between the two-dimensional vectors ?⃗? and ?⃗?, 
𝐾0 is Bessel function of the second kind and Π(𝜌) is the Maxwell tensor at the interface plane 𝑧 =
0. The maximum value for 𝑢(𝜌) is obtained at 𝑢(𝜌 = 0), denoted by by ℎ𝐿 and it is directly correlated 
by the magnet-to-liquid distance ℎ𝑀 as depicted in Figure 2. Detailed theoretical derivation of the 
energy profiles and the interface deformation are provided in the Supporting Information. 
Comparison of experimental results and theoretical model 
Figure 3a depicts the theoretically estimated interface deformation of a manganese dichloride-
based paramagnetic liquid for five different magnet-to-liquid distances ℎ𝑀, i.e. 2.3, 2.4, 2.5, 2.6 and 
2.7 mm using the equation (8). The comparison of the maximum height of the meniscus ℎ𝐿 between 
theoretical estimations and experimental observations from Video S4 are shown in Figure 3b. For 
the mentioned vertical position of the magnet ℎ𝑀 of 2.3, 2.4, 2.5, 2.6 and 2.7 mm, the theoretically 
estimated values for ℎ𝐿 are 0.4, 0.37, 0.34, 0.31 and 0.28 mm and the observed values are 0.70, 
0.52, 0.37, 0.24 and 0.09 mm, respectively. This discrepancy of ~40% can be attributed to the 
linearization of interface deformation 𝑢 in terms of the Young-Laplace equation, the numerical error, 
and the measurement error. Additional influences may also be contributed by the change of local 
viscosity and/or surface tension (25) in the paramagnetic liquid in the presence of magnetic field. 
The estimated and observed interface deformations for the holmium-based paramagnetic liquid 
can be found in Figure S3. 
The plots in Figure 4 a-d show the theoretically estimated individual energy contributions of PE, 
PS, HC and EPS particles, respectively. In these four plots, the gravitational energy is illustrated in 
blue, the capillary energy in green, the magnetic energy in red, and the sum of all these three 
energies in black color. The location of the minimum energy for the PE and the PS particles is 
further away from the interface deformation at distances greater than 10 mm where the precise 
location is not indicated. This estimation is in agreement with the observed behavior of the particles 
  𝐸𝑇𝑂𝑇𝐴𝐿 = 𝐸0 + 𝑚𝑒𝑓𝑓𝑔(𝑢(𝜌) + 𝑙
2𝐻(𝜌)) − (𝜒𝐿𝑉𝑖𝑚𝑚  − 𝜒𝑝𝑉𝑝)𝐵
2
1
𝜇0
. (7)  
 
 
𝑢(𝜌) =
1
2𝜋𝛾
∫ 𝑑𝑞𝑞
∞
0
∫ 𝑑𝜙𝐾0 (
|?⃗? − ?⃗?|
𝑙
) Π(𝑞)
2𝜋
0
 
(8)  
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in Video S1 and Figure 1 a-c. No trapping of particles has been theoretically estimated and neither 
observed, only pushing motion. Figure 4c shows the individual energy contributions for an HC 
particle. The magnetic energy dominates both the gravitational and the capillary contributions by 
about three orders of magnitude. The sum of the energies has a minimum at the distance 𝜌 = 0, 
i.e. the peak of the deformed interface. This theoretical estimation agrees with the experimental 
observation in Figure 1g-i and Video S3. Figure 4d shows the energetic interplay for an EPS 
particle. If we ignore the local minimum from numerical error at the centerline of the magnet (𝜌 =
0), one can observe that the sum of the energy has a monolithically decreasing trend from 𝜌 = 0 
until 𝜌 ≅ 7 𝑚𝑚. The capillary contribution 𝐸𝐼 changes sign at 𝜌 ≅ 4 𝑚𝑚 and reaches its minimum 
at 𝜌 ≅ 6 𝑚𝑚. The gravitational energy has a monolithically increasing trend starting from ~ −
0.6 × 10−8 J. The sum of the three energies creates a local minimum at 𝜌 ≅ 7 𝑚𝑚. This local 
minimum represents the trapping location of the EPS particle. The plot in Figure 4d is calculated 
for magnet position ℎ𝑀 = 2.3 𝑚𝑚.  
Figure 4e shows the trapping locations for five magnet positions ℎ𝑀 = 2.3, 2.4, 2.5, 2.6 and 2.7 𝑚𝑚. 
Figure 4f compares the theoretically estimated local minima from Figure 4e with the experimentally 
observed trapping locations from Figure 2b. For the vertical position of the magnet ℎ𝑀 of 2.3, 2.4, 
2.5, 2.6 and 2.7 mm, the theoretically estimated energy minima are 7.17, 7.29, 7.48, 7.63 and 7.79 
mm and the observed trapping locations are 5.20, 5.40, 5.60, 5.80 and 6.00 mm, respectively. The 
discrepancy in the estimation location of minimum energy is ~28%, which we attribute to the 
inaccuracy of the theoretical estimation of the deformed interface 𝑢(𝜌), the assumed constant 
wetting contact angle and triple contact line of EPS particle while residing on the deformed 
interface,  and the assumed magnetic susceptibility of the EPS particles. The estimated and 
observed energy minima for the holmium-based paramagnetic liquid can be found in Figure S4, 
where the rationale for the difference between the theoretical estimation and experimental 
observations is almost the same as in the case of the manganese dichloride-based paramagnetic 
liquid. 
The plots in Figure 4a-d show a local minimum or maximum at the centerline of the magnet (𝜌 = 0) 
from the meniscus energy 𝐸𝐼. This behavior is the result of a numerical error raised in calculating 
the second derivative of the interface deformation 𝑢′′(𝜌) at the boundary. Physically, the 𝐸𝐼 should 
have a monotonical increasing/decreasing progression at 𝜌 = 0 instead of an abrupt change.    
We note that previous studies of magnetophoresis (17, 18) discussed the force resulting from the 
magnetic energy, 𝐹𝑀 = −∇𝐸𝑀, which describes particle motion in the absence of capillary forces 
and weight and which cannot result in an off-center trapped state. We have replicated the 
experimental setup of the report (17) as depicted in Figure S1b, using the same type of magnetic 
liquid, i.e. manganese dichloride-based solution, but different particles. We also conducted 
experiments with holmium-based paramagnetic liquid. The pulling motion and off-center trapping 
at the base of the interface deformation on both paramagnetic liquids was observed for EPS 
particles (Figure S5-b and c).   
Application of the trapping phenomena of particles on the air-paramagnetic liquid interface. 
To demonstrate the potential application of the pulling motion and trapping mechanism, we 
performed directed particle self-assembly as shown in Figure 5a and Video S6. Four EPS particles, 
1.5 to 2 mm in diameter, were initially residing on the air-manganese dichloride paramagnetic liquid 
interface (Figure 5a-i). The initial vertical position of the magnet is greater than 20 mm to avoid 
disturbing the interface of the paramagnetic liquid. The magnet was brought into the vicinity of the 
paramagnetic liquid (ℎ𝑀≈ 3 mm) and consequently caused the interface to deform. The closest 
particle to the magnet moved first towards the ring-shape potential well and remain being trapped. 
Then the rest of the particles also moved towards the trapping ring and eventually self-assembled 
to a line-like bundle. When the magnet was removed, the particles rearranged themselves forming 
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a T-like structure (Figure 5a-iii). The directed self-assembly was also demonstrated for EPS 
particles floating on top of a holmium-based paramagnetic liquid (Video S6). 
We have also performed a robotic particle guiding of an EPS particle on the air-manganese 
dichloride paramagnetic liquid interface (Figure 5b). Figure 5b-i shows the top-view of the 
trajectories of the magnet and the EPS particle denoted with green and white color, respectively. 
The red star on the trajectory of the particle denotes the start position and the black star denotes 
the end position. The start and the end position of the magnet are overlapped. The X coordinates 
of the trajectories of the magnet and the particle are shown in Figure 5b-ii and the Y coordinates in 
Figure 5b-iii. The experiment started by bringing the magnet to the vicinity of the paramagnetic 
liquid at ~6-th second (full black vertical line from the left). The magnetic field from the magnet 
consequently instigated interface deformation. The EPS particle was attracted to the base of the 
interface deformation. The guiding was initiated at ~43-th second (black dashed vertical line from 
the left in Figure 5b ii and iii) and ended at ~203-th second (black dashed vertical line from the 
right). During this period, the magnet executed a square trajectory with a side of 20 mm at a speed 
of 0.5 mm/s. The magnet was retracted at ~210-th second (a full black line from the right). The 
correlation coefficients between the X and Y coordinates of the particle and the X and Y coordinates 
of the magnet were 0.907 and 0.918, respectively. The same experiment was also carried out for 
an EPS particle floating on air-holmium-based paramagnetic liquid (Video S7). 
Summary 
In summary, we have shown for the first time the pulling motion and trapping of solid spheroid 
particles on air-paramagnetic liquid interface induced by a magnet, and theoretically explained the 
underlying physical mechanism. The motion of a particle on the air-paramagnetic liquid interface 
can be treated as an energy minimization problem, which is a result of an interplay among the 
curvature of the deformed interface created by the non-uniform magnetic field as well as the 
effective mass and magnetic moment of the particle. The off-center trapping location of the EPS 
particles varies with the vertical position of the magnet with respect to the paramagnetic liquid. A 
closer distance between the magnet and the paramagnetic liquid results in a closer trapping 
location to the centerline of the magnet. A longer magnet-to-paramagnetic liquid distance results 
in a more distant trapping location from the centerline of the magnet. The theorized physical 
mechanism is compared to experiments. Potential applications in directed self-assembly and 
robotic particle guiding have also been demonstrated. 
Materials and Methods 
Experimental setup 
An in-house developed 3D Cartesian positioning system (X, Y, Z) was constructed for experimental 
studies, as shown in Figure S1a. Two translational stages (M414.3PD, Physik Instrumente (PI), 
GmbH, Germany) were mounted on top of each other in a cross configuration for planar XY 
positioning. One translational stage (M404.8PD, Physik Instrumente (PI), GmbH, Germany) was 
mounted on top of the upper planar stage for vertical motion. The control of the positioning stages 
was realized by a control unit (C-884, Physik Instrumente (PI), GmbH, Germany). The execution of 
programmed movements was performed using in-house developed automation platform 
AutomationBase. A gamepad console (F710, Logitech, USA) was used for human-machine 
interaction.  
Two custom-made aluminum fixtures were manufactured and assembled together in order to fit a 
ϕ5 mm hex key. A 25 mm × ϕ5 mm NdFeB N45 magnet (supermagnete.de, Webcraft GmbH, 
German), attached to the bottom of the hex key was used for all of the experiments except for the 
replicated setup of reference (17). For the replicated setup as of reference (17) (Figure S1b), we 
employed a soft iron piece (ϕ~2 mm) and a 4 mm × ϕ36 mm NdFeB magnet placed under the 
container filled with a paramagnetic liquid. 
Petri dish caps (diameter: ~35 mm, height: ~5 mm and diameter: ~59 mm, height: ~7 mm) served 
as containers for paramagnetic liquids. The container with the paramagnetic liquid was placed on 
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a separate table from the 3D positioning system to reduce the influences from the mechanical 
vibration during the motion of the stages.  
Images and videos were acquired using three Digital Single-Lens Reflex (DSLR) cameras (EOS 
80D, Canon, Japan) with lens (EF 100, Canon, Japan). One camera was vertically mounted for 
top-view and the other two cameras were installed on tripods for side and bird’s view. 
  
Preparation of holmium-based and manganese dichloride paramagnetic liquids 
Two types of paramagnetic salts were used, a holmium (iii) nitrate pentahydrate and a manganese 
dichloride. The concentration for the holmium based paramagnetic liquid was 2.27 mol/kg and 7.94 
mol/kg for the manganese dichloride paramagnetic liquid. The paramagnetic salts were mixed 
within Milli-Q water.  
 
Characterization of the magnetic moment of the paramagnetic liquids and particles 
For both paramagnetic liquids as well as for the particles, the magnetization was measured for a 
sample size of 7 µl in a multipurpose measurement system (PPMS Dynacool, Quantum Design, 
USA) using Vibrating Sample Magnetometer (VSM) mode with an outer excitation magnetic field 
of ± 1 T with equally distributes step size. The volume magnetization curves of the paramagnetic 
liquids and the particles are shown in Figure S7.  
  
Characterization of the density of the paramagnetic liquids 
The mass of 0.5 ml Hamilton Syringe (Hamilton Company, Switzerland) was measured with a 
precision weight scale (Mettler Toledo, USA) and then the syringe was filled with paramagnetic 
liquid. The mass of the syringe filled with magnetic liquid was measured again with the precision 
weight scale. The difference was used to compute the density of the magnetic liquid. The densities 
of the magnetic liquids are reported in Table S1. 
 
Characterization of the surface tension of the paramagnetic liquids 
The surface tension of the paramagnetic liquids was measured using a tensiometer (Attension® 
Theta, Biolin Scientific, Sweden). The values of the surface tension are reported in Table S1. 
 
Characterization of the viscosity of the paramagnetic liquids 
The viscosity of the paramagnetic liquids was measured using a rheometer (Physica MCR 302, 
Anton Paar GmbH, Austria). Approximately 1ml of magnetic liquid was inserted between the 
stationary plate and the rotating probe CP 50-1 with a gap of 1 mm. The viscosity measurement 
protocol was adapted from (26) and slightly modified. Initially, the temperature was set to 23oC and 
was kept constant throughout all steps. Before recording the data, the paramagnetic liquid was 
stirred at a constant shear rate of 100 s-1 for 30 seconds. Then the shear rate was varied from 1 to 
800 s-1 with 30 assigned values distributed logarithmically, each lasting for 30 seconds. The 
response of a paramagnetic liquid was measured every 30 seconds before the shear rate is being 
altered to a new value. The viscosities of the paramagnetic liquids are reported in Table S1. 
  
Characterization of the contact angles of the particles when floating to the paramagnetic liquids 
The measurements were carried out using the previously mentioned in-house developed 
experimental setup. In this case, only the side view camera was used. Static contact angle 
measurements were performed. Three particles from the same type were placed on top of a 
paramagnetic liquid and a video was taken. The most preferred frame was extracted from the video 
later in MATLAB (MathWorks, USA). Each frame was further analyzed. A suitable Region of 
Interest (ROI) with a particle on top of a paramagnetic liquid was identified, followed by histogram 
adjustment and edge detection using the Canny algorithm (27). The identified edges were overlaid 
to the original ROI and the contact angle was measured by a triangular screen ruler (MB tool, 
Germany). From each image, two measurements were realized for each of the three particles of 
the same type, resulting in six measurements per particle type. The values were averaged to 
acquire the mean contact angle and the standard deviation was also computed. The contact angle 
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of the particles with the paramagnetic liquids are reported in Table S3. Part of the procedure for 
experimental identification of the contact angle is illustrated in Figure S6. 
  
Characterization of the magnetic field of the ϕ5x25 mm2 NdFeB N45 magnet 
The magnet was installed on the 3D positioning system and brought into contact with the probe of 
a magnetometer (Gaussmeter Model 410, Lake Shore Cryotronics, Inc, USA). Then the magnet 
was retracted away from the probe with steps of 100 µm for a range of 20 mm. The readings from 
the magnetometer were recorded. The experiment was repeated three time and the average of 
three readings was computed. The magnetic field gradient was numerically computed in MATLAB 
(MathWorks, USA). The magnetic field and field gradient of the magnet are shown in Figure S7.    
 
Preparation procedure prior to the experiments 
Before the experiments, the air-paramagnetic liquid interface was firstly adjusted as flat as possible 
by filling magnetic liquid into the container until a convex interface was observed and then liquid 
was removed using a syringe until the interface became flat to diminish the wall effects.  
 
Note on the utilized particles 
PS and PE particles obtained from the supplier (Cospheric LLC, USA) are spherical with a 
maximum 10% size variation. The EPS particles also featured minor shape variations, but they 
dominantly resembled spherical shape. The hollow ceramic particles (Extendospheres® 200/600, 
SphereOne™) have large shape variations, the most spheroid particles were manually extracted 
from a population of hundreds of particles under an optical microscope.  
  
Characterization of a varying interface deformation of a paramagnetic liquid 
A ~59 mm container was filled with a paramagnetic liquid and an EPS particle was placed on the 
air-paramagnetic liquid interface. The 25 mm × ϕ5 mm magnet was brought as close to the air-
paramagnetic liquid interface to induce an interface deformation until the paramagnetic liquid was 
about to engulf the magnet. Then the magnet was retracted away from the paramagnetic liquid with 
a step size of 100 µm for 1 mm and then the magnet was brought back in the same manner until 
the interface was again fully deformed. Eventually, the magnet was retracted. While deforming the 
interface at different magnet-to-paramagnetic liquid distances, an EPS particle would change its 
position with respect to the centerline of the magnet. When the magnet was in its initial or terminal 
position (> 10 mm), i.e. far away from the paramagnetic liquid, the EPS particle was used to identify 
the base line, i.e. the undisturbed air-paramagnetic liquid interface. Video S4 shows the 
experimental profiling of the interface deformation and its influence on the trapping position of an 
EPS particle. The datapoints for the maximum interface deformation ℎ𝐿 was obtained by analyzing 
the video from the side view, whereas the data for the trapping location of an EPS particle 𝛿𝐸𝑃𝑆 was 
obtained from the top view video. 
During the experiments, when the magnet surpassed a certain closeness to the paramagnetic liquid 
(small ℎ𝑀), the paramagnetic liquid engulfed the magnet and a liquid bridge was formed. The 
engulfing is not shown on the plots in Figure 2b and c and this undesired scenario was not subject 
of this study. 
 
Numerical Simulations 
Comsol Multiphysics 5.3a (Comsol Group, Sweden) was used for simulation of the magnetic field, 
field gradients and magnetic tensor exerted on a magnetic liquid from a NdFeB permanent magnet. 
A 2D axisymmetric model was constructed with the geometry of the real system. Custom-defined 
materials were used to specify the properties of the magnet and the magnetic liquids. The 
magnetization of the paramagnetic liquids was defined through the experimentally obtained relative 
permeability. A stationary magnetic field study was used to generate the magnetic fields and field 
gradients. The vertical component 𝐵𝑧, the radial component 𝐵𝜌 and the norm |𝐵| of the magnetic 
flux density along with the norm component of the magnetic field |𝐻| were exported to MATLAB 
(MathWorks, USA).  
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The interface deformations were computed using the double integral given in Equation (8) in 
MATLAB (MathWorks, USA). The interface deformation was smoothed with MATLAB’s smooth 
function and later within curve-fitting application utilizing Smoothing Spline (with R2 greater than 
99 %). The first derivative of the deformation was numerically computed. The same smoothing 
procedure was applied followed by the computation of the second derivative. After obtaining the 
first and the second derivatives of the meniscus deformation, the mean curvature, Equation (S26) 
was computed. Finally, the energy profiles of the gravitational, the capillary and the magnetic 
energies were computed in order to analyze the differences in their influence. The total energy was 
obtained by summing these contributions and the adsorption energy (Equations 1 or 7). In case of 
the EPS particles, the total energies were also smoothed utilizing the MATLAB’s function 
Smoothing Spline. The smoothing has been performed reduce the impact from the numerical error 
in the second derivative of the interface deformation 𝑢′′ and consequently to obtain the total energy 
minimum, i.e. the trapping location. 
  
Analysis of the trajectories of the particle and the magnet  
The experimental video data was imported into MATLAB (MathWorks, USA) and analyzed using a 
tailor-made script. The position of the particle is detected using the Circular Hough Transform (28). 
The magnet was traced using a template-matching based algorithm. The trajectories of both the 
particle and the magnetic were computed based on the particle/magnet position at each frame. 
Missing data was a result of occlusion of the particle by the magnet or failure of the template-
matching algorithm from the sudden change in intensity of the scene.  
Additional details can be found in the Supporting Information, which includes a note to the 
Supporting Videos, the complete theoretical derivation of the interface deformation and the energy 
potentials; as well as Supporting Figures and Tables. 
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Figures and Tables 
 
 
Figure 1. Different motion modes of spheroid particles on air-paramagnetic liquid interface 
observed experimentally (a-b, d-e, g-h) and corresponding illustrations (c, f, i). Illustrations not to 
scale. Particle visibility in (a-b, d-e, g-h) graphically enhanced with white dots. Green arrows denote 
the direction of particle motion. a-c) A PE spherical particle on the air-paramagnetic liquid interface 
is pushed away from the magnet. The paramagnetic liquid is holmium-based. d-f) An EPS particle 
on the air-liquid interface of holmium-based paramagnetic liquid. The particle is pulled (1) or pushed 
(2) and finally trapped at the base of the interface deformation created by the magnet. g-i) Magnetic 
spheroid HC particle on the air-liquid interface of manganese dichloride-based paramagnetic liquid 
is trapped at the peak of the meniscus. a), d) g) illustrate the top views and b), e), h) the side views. 
a), b), h) are superimposed images of before and after meniscus formation; d) shows the initial 
position (1) and the trapping location of the particle; g) shows only the initial position of the particle; 
e) is an image consisting of three superimposed images, two images of starting positions (1 and 2) 
and one image of the final trapping location. Schematic energy profiles of the particles are shown 
as insets in c), f) and i) where the vertical axis corresponds to the centerline of the magnet. 
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Figure 2. Definition of parameters and effects of air-paramagnetic liquid interface deformation. a) 
System configuration including a magnet and a deformed interface. Illustration not to scale. The 
vector 𝑟 is defined with respect to the origin in the plane of the flat interface, whereas ?̂⃗? is defined 
with respect to the center of the magnet. Accordingly, 𝑟 = √𝜌2 + 𝑧2 and ?̂? = √𝜌2 + (𝑧 − ℎ)2. The 
meniscus deformation 𝑢(𝜌) has its maximum value at the center, thus yielding the maximum 
interface deformation ℎ𝐿. The magnet position is denoted with ℎ𝑀. 𝛿𝐸𝑃𝑆 denotes the trapping 
location of an EPS particle with respect to the centerline of the magnet. b and c) Experimental 
results on the ℎ𝐿 and 𝛿𝐸𝑃𝑆 as a function of ℎ𝑀 for b) manganese dichloride-based paramagnetic 
liquid and c) holmium-based paramagnetic liquid. 
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Figure 3. A theoretical model for deformed interface and comparison to experimental results for 
manganese dichloride-based paramagnetic liquid. a) Numerical simulation of the Interface 
deformation 𝑢(𝜌) for five different vertical positions of the magnet, i.e. 2.3, 2.4, 2.5, 2.6 and 2.7. b) 
The theoretical prediction compared with the experimental measurement of the maximum interface 
deformation ℎ𝐿 for at five different vertical positions of the magnet. 
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Figure 4. Numerical estimation of energy profiles and comparisons to experimental measurements 
for manganese dichloride-based paramagnetic liquid. Individual energy contributions for a) a PE 
particle b) a PS particle c) an HC particle and d) a 1.5 mm EPS particle. The numerical simulations 
consider a magnet position of 2.3 mm in (a-c) and 2.6 mm in d). e) Numerically estimated total 
energy minimum, i.e. trapping location of an EPS particle at 5 different magnet positions ℎM. f) The 
theoretical estimation e) compared with the experimental measurement of a trapping location of an 
EPS particle 𝛿𝐸𝑃𝑆 at five different vertical positions of the magnet. The insets in gray dashed boxes 
in c) and d) are magnified views for the close-in plots. The red “x” signs in d) and e) denote energy 
minima. 
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Figure 5. Application cases of the pulling motion and trapping of the EPS particles on the air-
paramagnetic liquid interface. a) Directed self-assembly of four EPS particles (Video S6): i) four 
EPS particles residing on the air-manganese dichloride-based paramagnetic liquid interface. The 
magnet is perpendicular to the interface at a distance greater than 20 mm; ii) The magnet 
approaches the liquid surface and forms an interface deformation which in turn pulled the particles 
into the trapping ring; iii) The particles self-assembled into a line formation and after the magnet 
was removed the particles rearranged to a triangle-like formation. b) Robotic particle guiding (Video 
S7): i) Robotic guiding of EPS particle on the air-manganese dichloride-based paramagnetic liquid 
interface. The trajectories of the magnet and the particle are shown in white and green, 
respectively. Red stars denote start positions and black stars denote end positions. The yellow 
arrow shows a local error of the magnet tracking algorithm. ii) X-coordinate of the trajectories for 
the particle (red) and the magnet (blue); iii) Y-coordinate of the trajectories for the particle (red) and 
the magnet (blue). For ii) and iii) the curves have missing data due to occlusion of the particle by 
the magnet or inadequate images for processing.  
 
